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OPTICAL FIBER WITH HOLES 

The invention relates to the field of optical fibers having cavities in 
their structure, better known as "optical fibers with holes". One of the major 
benefits of optical fibers with holes is the presence of cavities whose very low 
5 index significantly reduces the average index of the annular regions of the 
cladding including the cavities. 

Optical fibers with holes represent the family of optical fibers of 
greatest benefit for the production of certain non-linear functions. A certain 
type of optical fiber with holes includes two layers of cavities, a layer closer 

10 to the center of the optical fiber and comprising mostly cavities of relatively 
small size, or even no cavities at all, the principal function of this inner layer 
being to influence the properties of the optical fiber, namely the effective 
area and the chromatic dispersion in particular, and a layer farther from the 
center of the optical fiber and comprising cavities of relatively large size, the 

15 principal function of this outer layer being to confine modes inside the 
optical fiber. 

One of the major problems with optical fibers with holes is the high 
level of mode leakage losses. To some extent this problem is solved by 
complex and voluminous structures comprising in particular a large number 
20 of cavities that are relatively far apart, resulting in an overall size that quickly 
becomes large. In fact, it is known that the level of mode leakage losses is 
inversely proportional to the width of the set of layers comprising the cavities. 
Moreover, a single size of cavities in the outer layer is generally considered 
sufficient. 

25 Examples of the above type of structure may be found in prior art 

documents including: 

-the patents and patent applications US 2003/0012535; 
US 2002/0061 1 76; US 2001/0031 118; EP 1 1 1 8887; EP 081 0453; WO 03/01 9257; 
WO 02/084350; WO 01 /9881 9; US 65391 55; 

30 - the publications "Dispersion flattened hybrid-core non linear 

photonic crystal fiber", K.P. Hansen, Opt. Express 11, pages 1503-1509, 2003; 
"Chromatic dispersion control in photonic crystal fibers: application to ultra- 
flattened dispersion", K. Saitoh, M. Koshiba, T. Hasegawa, and E. Sasaoka, 
Opt. Express 1 1 , pages 843-852, 2003. 

35 The invention represents the polar opposite of the above prior art 
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technique. It is aimed at a structure that is less bulky but more compact so 
as to achieve a high degree of confinement of modes in the optical fiber. At 
least two different sizes of cavities are judiciously disposed relative to each 
other in the outer layer so as to be able to cooperate with each other to 
5 increase confinement further at the same time as maintaining a reasonable 
overall size. It is a question of achieving a low level of confinement losses, i.e. 
mode leakage losses, for a restricted number of cavities, i.e. for only a few 
tens of cavities, typically fewer than 50 cavities. 

The invention provides an optical fiber comprising: a central core; a 

10 first annular region surrounding the central core; a second annular region 
surrounding the first annular region and comprising medium-size cavities the 
cross section whereof remains strictly between a given first threshold and a 
given second threshold strictly higher than the first threshold; a third annular 
region surrounding the second annular region and comprising large cavities 

15 the cross section whereof remains strictly above the second threshold; 
characterized in that, in a cross section of the optical fiber: on the one hand, 
any radius that goes from the center of the core towards the exterior of the 
optical fiber encounters at least either a medium-size cavity in the second 
annular region or a large cavity in the third annular region; and, on the other 

20 hand, the average distance between the outer perimeter of the second 
annular region and the inner perimeter of the third annular region is less than 
half the average dimension of a large cavity. It is important that the structure 
of the cavities features no silica path to the outside through which the mode 
could leave the center of the optical fiber; this is why the compact and 

25 regular distribution in accordance with the invention, i.e. with no "silica 
corridor", i.e. with nowhere including no cavities or only a few cavities, is 
particularly beneficial. In a cross section of the optical fiber, the average 
distance between the outer perimeter of the second annular region and the 
inner perimeter of the third annular region is preferably less than one quarter 

30 the average dimension of a large cavity. 

According to another aspect of the invention, for an application of 
the optical fiber consisting in obtaining a non-linear function with the aid of 
the optical fiber, there is also provided an optical fiber comprising: a central 
core (1); cladding (rb and rc) surrounding the central core (1) and 

35 comprising cavities (3, 4); and having, from 1530 nm to 1570 nm: an effective 
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area less than or equal to 10|jm 2 ;an absolute value of the chromatic 
dispersion less than 3 ps/nm.km; characterized in that the cladding of the 
optical fiber comprises fewer than 70 cavities disposed in such a manner 
that the overall attenuation of the optical fiber remains less than 10 dB/km.. 
5 The cladding of the optical fiber preferably comprises fewer than 50 cavities. 

The invention will be better understood and other features and 
advantages of the invention will become apparent in the light of the 
following description and the appended drawings, which are provided by 
way of example, in which: 
10 - figure 1 is a diagram representing the section of one example of an 

optical fiber with holes according to the invention; 

- figure 2 is a diagram representing curves of chromatic dispersion 
and chromatic dispersion slope as a function of wavelength for the figure 1 
optical fiber; 

15 - figure 3 is a diagram representing the curve of effective area as a 

function of wavelength for the figure 1 optical fiber; 

- figures 4 and 5 are diagrams representing the section of two other 
examples of optical fibers with holes according to the invention; 

- figure 6 is a diagram representing the section of one example of a 
20 polarization maintaining optical fiber with holes according to the invention; 

- figure 7 is a diagram representing the section of one example of a 
doped optical fiber with holes according to the invention; 

- figure 8 is a diagram representing the section of another example 
of a polarization maintaining optical fiber with holes according to the 

25 invention; 

- figure 9 is a diagram representing the section of another and 
particularly advantageous example of an optical fiber with holes according 
to the invention; and 

-figure 10 is a diagram representing the curve of chromatic 
30 dispersion as a function of wavelength for the figure 9 optical fiber. 

To improve the compromise between mode confinement in the 
structure of the optical fiber and the overall size of the structure of the 
optical fiber, at least ten of the large cavities in the third annular region are 
preferably situated in the same annular layer and each preferably has a 
35 ratio between its greatest dimension and the distance from the center of the 
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cavity to the center of the core that is greater than 0.3. The space between 
two contiguous large cavities in the third annular region is advantageously 
less than the wavelength at which the optical fiber is used, which further 
improves mode confinement in the optical fiber. For practical 
5 implementation reasons, there are advantageously 12 large cavities in the 
same annular layer in the third annular region. 

Again to improve the compromise between mode confinement in 
the structure of the optical fiber and the overall size of the structure of the 
optical fiber, at least ten of the medium-size cavities in the second annular 

10 region are preferably in the same annular layer and angularly offset relative 
to the large cavities so as to be situated facing the spaces between large 
cavities. For practical implementation reasons, there are advantageously 1 2 
medium-size cavities in the same annular layer in the second annular region. 
The first annular region preferably comprises small cavities whose 

15 cross section remains strictly below the first threshold. These small cavities 
modulate certain properties of the optical fiber such as the effective area or 
the chromatic dispersion, for example. In a cross section of the optical fiber, 
as any radius that goes from the center of the core towards the exterior of 
the optical fiber sweeps out an angular sector between two medium-size 

20 cavities in the second annular region, it preferably encounters at least one 
cavity in either the second annular region or the first annular region over at 
least a portion of the angular sector that it sweeps out. There is one small 
cavity between two contiguous medium-size cavities, for example. This small 
cavity does not need to cover all of the angular space situated between 

25 the two medium-size cavities, as it is the position rather than the size of the 
small cavities that enables them to cooperate with the other medium-size 
and large cavities to improve mode confinement in the optical fiber. To 
increase mode confinement at the same time as maintaining a reasonable 
overall size, the average distance between the outer perimeter of the first 

30 annular region and the inner perimeter of the second annular region is 
preferably less than half the average dimension of a medium-size cavity. 

In one preferred embodiment of the invention, the second annular 
region and the third annular region are circular, their lattice being circular, 
and the first annular region is hexagonal, its lattice being triangular. This 

35 simplifies the fabrication of the preform from which the optical fiber with 
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holes according to the invention is obtained by fiber drawing. This disposition 
increases the cavity density to the detriment of the silica density, which 
reduces the equivalent index and contributes to mode confinement in the 
optical fiber at the same time as further reducing the overall size. 
5 The third annular region preferably includes only one layer of large 

cavities. The second annular region advantageously includes only one layer 
of medium-size cavities. However, these annular regions may also include 
more than one layer of cavities or cavities of different sizes. 

The optical fiber with holes according to the invention is preferably a 

10 monomode optical fiber at the wavelength at which it is used. To this end, 
the greatest dimension of the whole of the structure of the optical fiber, i.e. 
the outside diameter of the third annular region in the case of a circular 
distribution, is limited. The maximum outside diameter permitted to maintain 
the monomode character of the optical fiber with holes depends on the 

1 5 precise structure of the optical fiber, i.e. among other things on the size and 
the disposition of the cavities. The greatest dimension of the whole of the 
structure of the optical fiber is preferably less than 30 pm, advantageously 
less than 25 pm, and even more advantageously less than 20 |jnn. 

The optical fiber with holes according to the invention 

20 advantageously has a small effective area in order to increase the non- 
linear effects that occur in the central core of the optical fiber and thereby 
to accentuate any non-linear function that the optical fiber with holes may 
have. In the first annular region the cavities are preferably disposed so that 
the effective area of the optical fiber is less than 10 Mm 2 . In the first annular 

25 region the cavities are advantageously disposed so that the effective area 
of the optical fiber is less than 5 \im 2 . 

In order for said non-linear function to be as uniform as possible over 
a given spectral band, the chromatic dispersion is made as low as possible 
and as uniform as possible over said spectral band. The C band from 

30 1530nm to 1570nm is a preferred band of use. Consequently, in the first 
annular region, the cavities are preferably disposed so that the absolute 
value of the chromatic dispersion of the optical fiber remains less than 
3 ps/nm.km or even less than 1 ps/nm.km from 1530 nm to 1570 nm and even 
from 1 500 nm to 1 625 nm. In the first annular region, the cavities are disposed 

35 so that there is advantageously a zero dispersion wavelength from 1530 nm 



to 1570 nm. 

Examples of functions, in particular non-linear functions, that an 
optical fiber with holes according to the invention may have are described 
next. 

For example, in the first annular region, the cavities are disposed so 
that the distribution of the cavities in the first annular region has at most two 
axial symmetries and the optical fiber can therefore have a polarization 
maintaining function. 

If its core is doped with a rare earth, the optical fiber with holes 
according to the invention may be used to produce a laser cavity or an 
amplifier. 

If its core is doped with one or more of the elements germanium, 
phosphorus, lead, bismuth, lithium and niobium, the optical fiber with holes 
according to the invention may be used to produce a Raman amplifier. 

The optical fiber with holes according to the invention may also be 
used to produce a wavelength converter device, a wavelength 
demultiplexer device, an optical regenerator device for optical signals or an 
optical filter device including a saturable absorber. 

Examples of optical fibers with holes according to the invention and 
certain of the properties thereof are described next with reference to the 
figures. Generally speaking, in figures 1 and 4 to 9 the cross section of the 
optical fiber represented features a core 1 , a first annular region comprising 
at least small cavities 2, a second annular region comprising at least 
medium-size cavities 3 and a third annular region comprising at least large 
cavities 4. The annular regions may also include a certain quantity, generally 
a minority quantity, of cavities of a size different from that of the majority of 
the cavities of said annular region. The outer perimeter of an annular region 
is the circle circumscribed outside all the cavities of said annular region. The 
inner perimeter of an annular region is the circle inscribed inside all the 
cavities of said annular region. If the distribution of the cavities is not circular, 
for example if it is a hexagon, the perimeter will be the corresponding 
circumscribed or inscribed hexagon, and similarly for any other shape. In all 
the figures, the difference between the inner perimeter of the third annular 
region comprising the large cavities and the outer perimeter of the second 
annular region comprising the medium-size cavities is less than one quarter 



7 

of the average diameter of a large cavity. If a cavity is circular, its average 
dimension is its diameter; if a cavity is not circular, its average dimension in a 
cross section of the optical fiber is the diameter of a disc with the same area. 
In the figures, the optical fiber sections feature perfectly circular cavities, 
5 which is not the case in practice, as the cavities may be deformed. 

The figure 1 optical fiber features an undoped core 1 , a first annular 
region ra comprising three hexagonal layers of six small cavities 2, a second 
annular region rb consisting of a circular layer of twelve medium-size cavities 
3 and a third annular region rc consisting of a circular layer of twelve large 

10 cavities 4. All the small cavities 2 are the same size. Between two large 
cavities 4 there is a space e. Ca is the circle circumscribed outside the 
medium-size cavities 3 constituting the second annular region. Cb is the 
circle inscribed inside the large cavities 4 constituting the third annular 
region. Cc is the circle circumscribed outside the large cavities 4 constituting 

1 5 the third annular region. To clarify figure 1 , only portions of the circles Ca, Cb 
and Cc are represented. The greatest dimension of the whole of the 
structure of the optical fiber is the outside diameter 0 ex t of the ring of large 
cavities 4. 

Figure 2 is a diagram representing the curve f of the chromatic 
20 dispersion C in ps/nm.km and the curve g of the chromatic dispersion slope 
C in ps/nm 2 .km as a function of the wavelength A in nm for the figure 1 

optical fiber. The absolute value of the chromatic dispersion remains less 
than 3 ps/nm.km over all spectral bands from 1400nm to 1650nm. The 
absolute value of the chromatic dispersion slope remains less than 

25 0.01 ps/nm 2 .km over all spectral bands from 1 400 nm to 1 650 nm. 

Figure 3 is a diagram representing the curve f of the effective area 
Seff in |jm 2 as a function of the wavelength A in nm for the figure 1 optical 
fiber. The effective area remains from 5 (jm 2 to 6.5 pm 2 over all spectral 
bands from 1 400 nm to 1 650 nm. 

30 The figure 4 optical fiber features an undoped core 1 , a first annular 

region comprising two hexagonal layers of six small cavities 2 and one 
hexagonal layer of six medium-size cavities 2, a circular layer of twelve 
medium-size cavities 3 and a circular layer of twelve large cavities 4. The 
small cavities 2 are of two different sizes. 

35 The figure 5 optical fiber features an undoped core 1 , a first annular 
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region comprising three hexagonal layers of six small cavities 2, a circular 
layer of twelve medium-size cavities 3 and a circular layer of twelve large 
cavities 4. The small cavities 2 are of three different sizes. 

The figure 6 optical fiber features an undoped core 1 , a first annular 
5 region comprising small cavities 2, a circular layer of twelve medium-size 
cavities 3 and a circular layer of twelve large cavities 4. The small cavities 2 
are of three different sizes and are so disposed that the structure has only 
two axes of symmetry, which makes this structure beneficial for the 
production of a polarization maintaining optical fiber. 

10 The figure 7 optical fiber features a doped core 1, a first annular 

region comprising three hexagonal layers of six small cavities 2, a circular 
layer of twelve medium-size cavities 3 and a circular layer of twelve large 
cavities 4. The small cavities 2 are of three different sizes. The other structures 
featured in the other figures could equally feature a doped core 1 . 

15 The figure 8 optical fiber features an undoped core 1, a first annular 

region comprising small cavities 2, a circular layer of twelve medium-size 
cavities 3 and a circular layer of twelve large cavities 4. The small cavities 2 
are of two different sizes and have an hexagonal disposition. The outside 
diameter of this structure is 15.9 pm. This optical fiber has a birefringence of 

20 approximately 3.5 10" 3 . This optical fiber has an approximately zero 
chromatic dispersion for one of the two polarizations and an effective area 
of 3.6 (jm 2 at a wavelength of 1 550 nm. 

The figure 9 optical fiber features an undoped core 1 , a first annular 
region comprising two hexagonal layers of six and twelve small cavities 2, 

25 respectively, a circular layer of twelve medium-size cavities 3 and a circular 
layer of twelve large cavities 4. The small cavities 2 are of two different sizes. 
The outside diameter of the structure is 14.8 pm. This optical fiber has a 
chromatic dispersion from 0 to 1 ps/nm.km over a range of wavelengths 
from 1 500 nm to 1 650 nm. 

30 Figure 10 is a diagram representing the curve of chromatic 

dispersion as a function of wavelength for the figure 9 optical fiber. The 
chromatic dispersion C in ps/nm.km is plotted on the ordinate axis and the 
wavelength x in nm is plotted on the abscissa axis. The chromatic dispersion 

curve f remains below an absolute value of 1 ps/nm.km from 1500nm to 
35 1650nm. 



